Aim: One of the parameters that greatly affects homeostasis in the body is the pH.
reprogramming, there is little information concerning the influence of the pH on these phenomena. 1, 10 Active or passive changes by the pH affect cell traits, such as the motility, enzymatic activity, cell cycle, and apoptosis. 1, 11 Cell motility is also caused by the constitutional change of the cytoskeleton, which is affected by the environmental pH. 12 Recent studies also indicate that actin proteins are essential in transcriptional activation during the differentiation and reprogramming of cells. 13, 14 However, the effects of the phenomena on somatic cell reprogramming that are caused by the pH in culture have not been investigated. Regarding the effects of the pH on cell differentiation, mesenchymal stem cells are affected by the pH during cell differentiation into osteogenic and chondrogenic cell lineages. 15 Also, the high pH in murine embryonic stem cell (ESC) culture is known to enhance cardiac cell differentiation. 16 However, the effect of the pH on the differentiation of ESCs has not been well investigated for a wide range of pH values.
Distinctive changes in the molecular activity of cells can be observed in the processes of cell differentiation and the reprogramming of somatic cells. 17 During the course of the reprogramming of fibroblasts, the appearance of cells changes from mesenchymal to epithelial 18 and the reverse phenomena of the differentiation of stem cells with major changes in the epigenetic state also occur. 19 In this article, the effects of the pH were examined during cellular reprogramming and differentiation by using mouse embryonic fibroblasts (MEFs) and ESCs from transgenic mice that carried the Oct4-green fluorescent protein (GFP) reporter in vitro: these mice are well suited to estimate pluripotency. 20, 21 Cells that have been cultured in media at various pH levels then are observed at the colony formation, at the timing of the reprogramming of the MEFs, and at the differentiation of the ESCs to the mesendoderm (ME) and neuroectoderm (NE).
| MATERIALS AND METHODS

| Chemicals and animals
Unless otherwise noted, all of the chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA). The MEFs and ESCs were derived from transgenic mice that carried the Oct4-GFP reporter (RIKEN BioResource Center, Ibaraki, Japan) 22 and were used in experiments for the reprogramming of somatic cells and differentiation. The MEFs and ESCs that originated from the transgenic mice were obtained and treated as described previously. 23 For the preparation of the MEFs, embryos were collected at embryonic days 13.5-15.5, as described previously. 23 The isolated embryonic cells were maintained in Dulbecco's modified Eagle medium (DMEM; GIBCO Life Technologies, Grand Island, NY, USA) that contained 10% (v/v) fetal bovine serum (FBS; SAFC Biosciences, Lenexa, KS, USA), 73 IU/mL penicillin (Sigma-Aldrich), and 50 μg/mL streptomycin (Sigma-Aldrich). The fibroblasts with four passages or less were used for the reprogramming of the somatic cells.
For the maintenance of the ESCs, they were cultured in a medium that was mixed equally with Neurobasal medium (GIBCO Life 
| Retroviral transfection
In order to perform the retroviral transfection, pMXs-based ret- 
| Adjusting and monitoring the pH in the culture media
Each medium pH condition was controlled by changing the concentration of NaHCO 3 (Wako, Osaka, Japan) under 5% (v/v) CO 2 according to the Henderson-Hasselbalch equation method that was applied to tissue culture vessels. 27 The fresh ESC medium was pre-incubated for 24 hours in 5% (v/v) CO 2 in air and the pH of the medium was measured within 0.1 of standard error against the predicted pH. Each medium pH before and after the medium change was checked by a pH meter (B-212; HORIBA, Kyoto, Japan). The stale medium was changed immediately to a fresh medium after checking the pH every day (Figs 1A and S1). 
| Induction and estimation of the reprogramming of the mouse embryonic fibroblasts
were observed by using an inverted microscope (DIAPHOT 300; Nikon, Tokyo, Japan) and the photographs were acquired by using a COOLPIX P6000 camera (Nikon).
| Estimation of the embryonic stem cell proliferation
The estimation of the cell proliferation of the ESCs in various pH conditions was performed in the ESM that contained 15% KSR with LIF.
The ESCs were passaged on STO feeders or gelatin-coated dishes and were cultured for 3 days and then the cell number in each medium pH was counted.
| Alkaline phosphatase activity in the pluripotent cell culture and immunofluorescence staining
The cells were fixed with 3.7% paraformaldehyde (Wako) in PBS for 10 minutes at room temperature. After washing with PBS three times, the level of alkaline phosphatase (AP) activity was detected by using the Vector Alkaline Phosphatase Substrate kit III (Vector Laboratories, Burlingame, CA, USA) according to the manufacturer's instructions.
For the immunofluorescence analysis, cells were fixed with PBS that contained 3.7% paraformaldehyde for 10 minutes at room temperature. After washing with PBS, the cells were blocked with PBS that contained 5% BSA (Sigma-Aldrich) and 0.1% Triton X-100 (SigmaAldrich) for 45 minutes at room temperature. Then, they were incubated overnight at 4°C with a primary antibody T (Brachyury, 1:1000, ab20680; Abcam, Tokyo, Japan). Alexa Fluor 594-conjugated goat anti-mouse immunoglobulin G (1:500; Invitrogen Life Technologies) was used as the secondary antibody. The nuclei were stained with 1 μg/mL Hoechst 33342 (Sigma-Aldrich).
| Reverse transcription-polymerase chain reaction
The total RNA was prepared by using the TRIzol reagent (Ambion Life Table 1 .
| Induction of the differentiation of the embryonic stem cells in vitro
In order to induce the differentiation of the ESCs, the cells were pas- (Fig. 1b) . At the induction of each germ lineage, the pH of the medium was adjusted to a pH of 6.8, 7.4, and 7.8.
| Statistical analysis
The statistical significance of the difference between the sample means was determined by using the Student's t-test.
| RESULTS
| Effects of the external pH on colony formation during the reprogramming of the mouse somatic cells
In order to investigate the effects of the pH during the reprogramming of the mouse somatic cells, the Oct4-GFP-positive colonies were counted at each medium pH. The pH was checked every day and was confirmed to be within 0.1 of standard error, indicating little change in the pH throughout the culture (Fig. S1 ).
The GFP-positive colonies appeared from day 5 to day 10 of culture and were counted at day 17 for each medium pH (Figs 2A, 3A, and S2C). The highest number of GFP-positive colonies was obtained at a pH of 7.4 ( Fig. 2A) . No colony, however, was observed at a pH of 6.6. The maximum difference in the colony number at a pH of 6.8 was 15-fold lower than that at a pH of 7.4. The average colony number at each medium pH was divided by the colony number at a pH of 7.4 and each ratio was found to be significantly different than those at a pH of 7.4. Interestingly, only a 0.2 point difference of pH caused a significant decrease in the colony formation number ( Fig. 2A) . In order to examine the effects on the established pluripotent stem cells, murine
ESCs were cultured at each medium pH from 6.8 to 7.8. After 3 days of culture in each pH, the highest number of cells was obtained at a T A B L E 2 Effect of the pH on the timing of the somatic cell reprogramming pH of 7.4 ( Fig. 2B ) and the lowest number was observed at a pH of 6.8. Between a pH of 7.4 and 7.6, however, there was no significant difference in the cell number.
In order to elucidate the effects of the pH on somatic cell reprogramming, the ESCs were replated as single cell at a low cell density (Fig. S3) . A similar number of colonies among the various pH ranges then was obtained.
| Effects of the pH on the timing of reprogramming
During the reprogramming of the somatic cells at each medium pH, the number of GFP-positive colonies was counted every day. The fastest appearance of the GFP-positive colonies was observed at 5 days of culture at a pH of 7.8, but the latest appearance of the colonies was at 11 days in the culture at a pH of 6.8 (Table 2 ).
| Effects of the pH on the colony morphology of the induced pluripotent stem cells and the embryonic stem cells
During the somatic cell reprogramming, the morphology of the iPSC colonies differed depending on the pH (Figs 3A, and S2A-C). The colonies that were obtained between a pH of 7.0 and 7.4 had compact morphologies with strong GFP expression and AP activity ( Figs 3A and   S2A ). In contrast, the colonies that were obtained at a pH of 6.6 had a compact morphology with weak GFP expression and AP activity. The colonies that were obtained at a pH of 7.6 and at a pH of 7.8 were dispersed and flat in appearance, compared with the colonies that were obtained in the other pH treatment groups.
When the ESCs were cultured at various pH values, morphological differences in the colonies were observed at each pH (Figs 3B and S3A). The cell distance among the neighbor ESCs in a colony was different depending on the pH. At a pH of 6.8, the cells were located close to each other and the cell boundary was not clear. In contrast, at a pH of 7.8, the cells were more dispersed and could be observed as single cells.
| Effects of the pH on the pluripotency and differentiation of the embryonic stem cells
The ESCs were cultured in the differentiation-inducing medium, leading to ME in the culture medium at a pH of 6.8, 7.4, and 7.8. For 3 days of culture in the presence of CHIR and activin A, the endodermal markers of Mixl1 and T were expressed in the cells at a pH of 7.4 and 7.8, but not at a pH of 6.8 (Fig. S4A) . Nestin expression, which is a neural marker, was slightly expressed at a pH of 6.8 but was not observed at a pH of 7.4 and 7.8. In order to confirm the further effects of the pH on ESC differentiation, the cells were cultured in neural differentiation medium in the presence of bFGF and retinoic acid. For 3 days of culture, Nestin was expressed at a pH of 6.8 and 7.4, but not at a pH of 7.8, in the cells (Fig. S4A) . Under the mesendodermal differentiation medium, the qPCR analysis also showed a F I G U R E 3 Variation in green fluorescent protein (GFP) expression and alkaline phosphatase (AP) activity in the colonies in the culture media with different pH conditions. A, Phase-contrast (phase), expression of GFP, and AP activity in each culture dish were examined in the colonies that were cultured under different pH conditions for 17 days for the induction of somatic cell reprogramming in mice. B, The morphology of the colony formation of mouse embryonic stem cells under different pH conditions in the presence of leukemia inhibitory factor (in particular, the GFP signals of the Oct4 reporter and phase-contrast images) were examined. ESC, embryonic stem cells; LIF, leukemia inhibitory factor high expression of mesendodermal differentiation genes in the high pH condition (Fig. 4A) .
At the same time, the cell number was estimated: the lowest number was observed at a pH of 6.8 in the mesendodermal differentiation medium, which was less than one-third of the value at a pH of 7.4
( Fig. 4B) . In contrast, in the neural differentiation medium, there was no major difference in the number at a pH of 6.8 and 7.4. The cell number at a pH of 7.8 was the lowest both in the mesendodermal F I G U R E 4 Effects of the pH on the cell differentiation of mouse embryonic stem cells (ESCs). A, Quantitative real-time polymerase chain reaction analysis of neuroectodermal and mesendodermal gene expression in differentiated ESCs under different pH conditions. The cells were cultured at a pH of 6.8, 7.4, and 7.8. Each expressed gene was normalized by the expression of Gapdh. Y axis means relative expressions normalized by the expression of Gapdh. M, the induction medium for mesendodermal differentiation; N, the induction medium for neuroectodermal differentiation. The experiments were independently performed three times. B, The number of cells in each treatment group at day 3 in each differentiation induction medium. The experiments were independently performed three times. C, Phase-contrast (phase) and green fluorescent protein (GFP) expression of the microscopic images of the ESCs that were cultured for 3 days in the mesendodermal differentiation induction medium under various pH conditions. The control means that the micrographs were observed with a red filter to eliminate the possibility of self-fluorescence. D, Immunofluorescent staining of the T protein (T) and DNA (Hoechst) of the ESCs that were cultured for 3 days in the mesendodermal differentiation induction medium under various pH conditions and neuroectodermal differentiation media (Fig. 4B) . In a pH of 6.8, each cell was scattered and the Oct4-GFP expression in the cells was weak for 3 days after the treatment with the chemicals for mesendodermal differentiation (Fig. 4C) . In contrast, the Oct4-GFP expression still remained at a pH of 7.8 (Fig. 4C) . Also, the T protein, which is the early mesendodermal marker, was highly expressed at a pH of 7.8 (Fig. 4D ).
| DISCUSSION
The pH is well known to fluctuate significantly in cells and tissues and affects many biological phenomena. In this study, it was found that the fluctuation of pH in culture medium has an effect on the processes that occur during the somatic cell reprogramming and differentiation of ESCs.
The medium that contains NaHCO 3 that is stored at 4°C in air usually indicates a higher pH, with a 0.03% CO 2 concentration in air, than the predicted pH under 5% CO 2 in the incubator at chemical equilibrium. A culture of pluripotent stem cells with high metabolic activity that is dependent on glycolysis results in an immediate decrease in the pH due to the supply of lactic acid to the culture. Therefore, the fresh medium was pre-incubated and the culture medium was changed every day in the process of somatic cell reprogramming to maintain a stable pH in the culture.
An acidic pH is known to suppress the cell cycle. 29 The proliferation of ESCs at a lower pH (6.8-7.2) was decreased, compared with that at a pH of 7.4, indicating that a lower pH inhibits the cell proliferation of ESCs (Fig. 2B ). During somatic cell reprogramming, another 4-8 days were needed at a pH of 6.8 and 7.0 for the appearance of GFP-positive cells (Table 2) . A high proliferation rate of cells is necessary for the induction of cell reprogramming and the maintenance of pluripotent stem cells. 30 This finding was considered to be caused by the acidic pH of the medium. These results indicate that the delay in the appearance of colonies and the lower number of colonies at an acidic pH could be caused by the inhibition of the cell cycle, resulting in a slow or inefficient induction of cell reprogramming.
Morphological differences in the colonies at different pH values
were observed during the induction of cell reprogramming and the maintenance of the ESCs, in which the cells were dispersed in morphology at a high pH (7.6-7.8) and compacted at a low pH (6.6-7.2) (Figs 3, S2C and S3A). In oligodendrocytic precursor cells, an acidic pH has effects on cell migration. 31 Additionally, in cancer cells, migration is affected by the pH, but vesicle trafficking, contraction, invasion, and metastasis also are affected. 12 The compacted morphology of the colonies in the acidic pH might be caused by the inhibition of cell migration.
The variation of pH in the medium affected early cell differentiation into ME, which is the precursor of the mesoderm and endoderm, and into NE. Mixl1 and Brachyury (T), which allow cells to differentiate into the mesoderm and endoderm, are observed in the primitive streak of embryos at the gastrula stage. [32] [33] [34] [35] It has been known that the Oct4 and Sox2 genes are inducers for mesendodermal and neuroectodermal cell differentiation, respectively, at early ESC differentiation. 28 In this experiment, Oct4-GFP expression at a pH of 7.8 also indicates the direction of cell differentiation to the mesendodermal cells (Fig. 4C) . Previously, it was shown that a high pH in culture has effects on cardiac differentiation at a pH of 7.1 and 7.4, rather than at a pH of 6.8. 16 In this study, the cells showed a much higher expression of Mixl1 at a pH of 7.8. In addition, under the mesendodermal differentiation condition, Sox2 and Nestin expression were relatively higher at a lower pH. However, under the neuroectodermal differentiation condition, the expression of Nestin was not inhibited in any pH range, compared to mesendodermal differentiation (Fig. 4A) .
These results indicate that a broad range of pH levels in culture affects cell differentiation, as well as the specific inhibitory effects of a low pH on ESC differentiation into the mesendoderm. The differentiation direction of cells is determined by their environment as to whether to differentiate into the progenitors of ME or NE. 28 These results suggest that pluripotent stem cells define the direction of cell differentiation in culture and that the environmental pH is one of the cues that determines the directional property.
The present study indicates that the extracellular pH affects cell reprogramming and cell differentiation. There are many pathways in which the pH affects these processes. For example, a low pH downregulates cell proliferation by inducing p53 activation and p53-dependent cell cycle inhibition. 29, 36 Furthermore, the inhibition of p53 supports the establishment of iPSCs. 37 Previous articles 29,36,37 thus have indicated that there is a close relationship between the effects of the pH on cell reprogramming and the cell cycle. In addition, it also should be considered that the effects of the intracellular pH on cell physiology might act through organelles, such as the nucleus, mitochondria, and endoplasmic reticulum, as well as through internal epigenetic regulation. 10 Although this study examined the effects of the pH in vitro, fluctuations in pH also are considered to affect cells in vivo.
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